Purpose: Carotid artery anatomy is thought to influence internal carotid artery access time (ICA-AT) in patients requiring mechanical thrombectomy for acute ischemic stroke. This study investigates the association between ICA-AT and carotid anatomy. Material and methods: Computed tomography angiography (CTA) data of 76 consecutive patients presenting with acute ischemic stroke requiring mechanical thrombectomy for middle cerebral artery or carotid T occlusion were evaluated. The supraaortic extracranial vasculature was analyzed regarding take-off angles and curvature of the affected side. Digital subtraction angiography data were primarily analyzed regarding ICA-AT and secondarily regarding recanalization time and radiographic result. Results: ICA-AT was significantly influenced by vessel tortuosity. Take-off angle of the left common carotid artery (p ¼ 0.001) and the brachiocephalic trunk (p ¼ 0.002) as well as the tortuosity of the common carotid artery (p ¼ 0.002) had highest impact on ICA-AT. For recanalization time, however, we found only the take-off angle of the left common carotid artery to be of significance (p ¼ 0.020). There was a tendency for ICA-AT to correlate with successful (mTICI ! 2 b) revascularization (average time of successful results was 24.3 minutes, of unsuccessful was 35.6 minutes; p ¼ 0.065). Every evaluated segment with less carotid tortuosity showed a carotid AT below 25 minutes. Conclusion: Supraaortic vessel tortuosity significantly influences ICA-AT in mechanical thrombectomy for an acute large vessel. There furthermore was a trend for lower successful recanalization rates with increasing ICA-AT.
Introduction
Several recent studies have proven the benefit of intraarterial treatment for patients with acute ischemic stroke (AIS) in the anterior circulation. [1] [2] [3] [4] [5] [6] [7] Rapid access is necessary for fast and successful recanalization of occluded cerebral vessels. Normally, thrombectomy is performed via a transfemoral approach; severe carotid artery tortuosity, however, may hamper fast and thus effective catheter access. So far there are no published data analyzing the influence of supraaortic vessel tortuosity on internal carotid access time (ICA-AT).
The purpose of the presented retrospective analysis was to determine the influence of carotid tortuosity via a transfemoral approach on ICA-AT and therefore indirectly recanalization time and radiographic recanalization result.
Material and methods
A total of 105 patients presenting with AIS between December 2013 and December 2014 in need of mechanical revascularization were included in the study. Routine stroke workup included native cranial computed tomography (CT), CT angiography (CTA) and CT-perfusion. Only patients with vessel occlusion of the anterior circulation were included for the retrospective analysis. Patients with moderate or severe carotid vessel stenosis were excluded. A femoral approach was obligatory for evaluation.
For thrombectomy the following selection criteria were met: (1) symptomatic patients with no contraindication, (2) mismatch between cerebral blood flow and cerebral blood volume perfusion CT, (3) occlusion of a proximal cerebral artery (carotid-T or M1) proven on CTA and (4) clinical symptoms matching the location of the occluded vessel. General endotracheal anesthesia was used for all procedures.
CTA data were acquired using a 40-slice CT scanner (Siemens Somatom AS, Siemens AG Healthcare, Erlangen, Germany) with 80 ml intravenous contrast bolus injection (flow rate of 5.0 ml/s) followed by a 20 ml saline flush. Acquisition parameters were as follows: scan length ¼ aortic arch to apical hemispheres, tube-current-time product ¼ 120 mAs, tube voltage ¼ 100 kV, temporal resolution ¼ 0.33 seconds, slice thickness ¼ 0.6 mm.
Vessel tortuosity was analyzed in CTA by a neuroradiologist with 12 years' experience in diagnostic neuroradiology. Tortuosity was measured from the centerline of blood flow in inclined sagittal and coronal planes expressing the most relevant angle of each evaluated segment using commercially available software (iSite Pacs, Philips Healthcare, Amsterdam, the Netherlands). The following vessel parameters were evaluated: (1) take-off angle of the brachiocephalic trunk ( Figure 1 ), (2) tortuosity of the brachiocephalic trunk including the transition segment of the common carotid artery (CCA), (3) take-off angle of the left CCA ( Figure 1 ), (4) tortuosity of the CCA (Figure 2 ), (5) tortuosity of the ICA, (6) ICA-CCA angulation ( Figure 3 ) and (7) if existing, take-off angle of the left CCA from the brachiocephalic trunk, hereafter referred to as bovine origin to the left CCA. Only the affected side of vessel occlusion was considered. A straight transition of the vessel was defined as 0 degrees and a looping of the vessel as 360 degrees.
Digital subtraction angiography (DSA) was performed using a biplane angiography system (Artis zee, Siemens Healthcare, Forchheim, Germany) for mechanical thrombectomy immediately after CT. DSA data were evaluated regarding carotid AT, i.e. time range between successful groin puncture and sufficient placement of the guiding catheter in the extracranial ICA. Time of sufficient ICA catheterization was either exactly documented by single-shot angiography or approximated by the time of the first intracranial series. Recanalization time was documented, i.e. time range between successful groin puncture and first pass after successful vessel recanalization. Success of vessel recanalization was classified by the Modified Treatment in Cerebral Ischemia (mTICI) scale. Angiographic result of mechanical thrombectomy was considered successful if the mTICI value post-treatment was rated as 2 b or higher. 8 
Statistical analysis
Statistical analyses were performed using SPSS (IBM, New York, USA), version 22. Spearman's rank correlation coefficient was used to determine relations between carotid AT, recanalization time, radiographic recanalization results and vessel tortuosity. For further subanalyses calculation of a cut-off value for carotid AT based on success of recanalization (mTICI< or !2 b) was determined using a t-test. T-test for unpaired samples was utilized for analysis of vessel tortuosity between the two outcome groups (shorter or longer than the cut-off time value for ICA-AT). Spearman's rank correlation coefficient was also used to determine relations between both outcome groups regarding vessel tortuosity. Statistical significance was considered at the level of p < 0.05.
Results
Seventy-six out of 105 consecutive AIS patients (70.6 AE 15.2 years) were eligible for retrospective evaluation. Mechanical thrombectomy was carried out by four neuroradiologists with each of them having at least five years of experience in endovascular stroke therapy using stent retrievers.
In most cases ICA access was primed by a sidewinder-configured catheter (70 of 76 cases ¼ 92.1%). Only six cases were performed using a vertebralis-configured catheter. Carotid access was achieved by using either a long guiding sheath (n ¼ 62) or a balloon-mounted guiding catheter (n ¼ 14).
Average ICA-AT measured 26.7 (AE19.6 minutes, range 4.0 to 129.0 minutes). The first successful pass was achieved at an average time of 63.3 (AE38.3 minutes, range 23.0 to 184.0 minutes). Recanalization was successful (mTICI ! 2b) in 56 cases (73.7%).
There was a significant correlation between carotid AT and vessel tortuosity of each evaluated vessel segment. ICA-AT was most significantly influenced by the take-off angle of the left CCA (p ¼ 0.000), followed equally by the take-off angle of the brachiocephalic trunk (p ¼ 0.002) and the tortuosity of the CCA (p ¼ 0.002) ( Table 1) . ICA-AT also significantly correlated with recanalization time (p ¼ 0.001, n ¼ 58) (Table 1) .
Average ICA-AT was 40.8 (AE21.2 minutes) in patients (n ¼ 34) with a bovine origin to the left CCA, whereas patients with the left CCA originating directly from the aorta (n ¼ 42) presented with an average ICA-AT of 22.5 (AE14.0 minutes). Thus carotid AT was strongly significantly decreased in patients with the left CCA originating directly from the aorta (p ¼ 0.015) ( Table 2) .
Likewise recanalization time significantly depended on the take-off angle of the left CCA (p ¼ 0.020). Brachiocephalic trunk take-off angles below 100 degrees were associated with longer ICA-AT, whereas larger angles were associated with a shorter ICA-AT. Table 3 shows for each evaluated vessel segment a difference in vessel tortuosity between two groups with a carotid AT of >25 or <25 minutes. From this it can be deduced which angles lead to which times. Recanalization time was increased by 5 minutes if the left CCA originated from the brachiocephalic trunk compared to a direct take-off of the left CCA from the aorta (56.8 AE 13.6 minutes vs. 51.4 AE 29.7 minutes; p ¼ 0.728) ( Table 2) .
Radiographic recanalization results in terms of successful (mTICI ¼ 2b or 3) and unsuccessful (mTICI ¼ 1 or 2a) showed a tendency to depend on ICA-AT (average ICA-AT of successful recanalization was 24.3 minutes, of unsuccessful recanalization was 35.6 minutes; p ¼ 0.065) ( Table 4 ). Thus a cut-off value regarding successful or unsuccessful recanalization could be calculated at approximately 25 minutes ICA-AT in the presented group. A total of 71% of the successful procedures were performed within 25 minutes ICA-AT. Table 5 shows for both the right and left hemisphere a higher mean ICA-AT for unsuccessful procedures and a lower ICA-AT for successful maneuvers. The mean ICA-AT is higher for both high and low National Institutes of Health Stroke Scale (NIHSS) scores in case of unsuccessful maneuvers and lower for successful maneuvers.
Discussion
Patient data and angiographic results of the presented study are comparable to the populations and results of other thrombectomy studies. 2, 7 Most patients treated for AIS are older patients presenting with elongated vessels and a high variability in supraaortic vessel tortuosity. 9 Age and vessel anatomy in pre-interventional CTA as well as personal preferences influenced choice of a specific catheter. Since most patients were older than 60 years and/or presented with a difficult anatomy (70 out of 76 cases), a SIM-2 configured diagnostic catheter 5F, 125 cm was used to advance the guide catheter into the ICA. Only a few cases (n ¼ 7) presented with an easy anatomy with straight vessels and therefore a straight vertebralis-configured catheter was used. Basically, in patients with slightly elongated vessels using a sidewinder catheter in combination with a stiff wire should be considered. Only in very young patients or patients with obviously straight vessels and easy anatomy (or when the left vertebral artery is the target vessel) should it be started with a vertebralisconfigured catheter. In cases with a bovine origin to the left CCA, we thus recommend the use of a sidewinder configuration (or similar).
Faster recanalization correlates with better outcomes in AIS. 10 Rapid catheterization of the ICA is crucial and may be hampered by difficult vessel anatomy. 11, 12 The first hurdle approaching the ICA is given by the take-off angle of the brachiocephalic trunk or the left CCA from the aorta.
In the presented evaluation the take-off angles of the brachiocephalic trunk and the left CCA from the aorta have the highest impact on carotid AT. The more pointed the departure angles are the more difficult the approach and therefore the longer the ATs are. A departure angle of the brachiocephalic trunk of <100 degrees and <60 degrees of the left CCA facilitates a fast carotid access. Carotid AT is almost doubled if the left CCA departs from the brachiocephalic trunk, i.e. bovine origin to the left CCA.
The retrospective study design and small patient number limit the accuracy of the results. A certain measurement inaccuracy needs to be taken in account for the manual measurements of the angles based on centerline blood flow by only one reader. In cases without clear documentation of the time point at final placement of the catheter tip in the ICA, the end-point of the carotid AT was documented by the time point of the first intracranial series. A certain inaccuracy of time measurements must therefore be considered.
There is a tendency to have additional increased tortuosity along the path from the femoral-iliac arteries up to the ICA in the elderly and hypertensive population. During or before the procedures no images revealing distal aortic or femoral-iliac anatomy were stored. Imaging of the aorta and femoral-iliac arteries was performed independently of thrombectomy in only a few patients. Because of the retrospective character of this study, we were not able to analyze diffuse tortuosity, which might have additionally affected outcome and procedure times.
It is important to recognize certain anatomical limitations in order to choose the right guiding materials in advance. Extremely difficult cases need to be admitted at an early stage to save time and eventually switch to alternative approaches including direct carotid puncture, which has been suggested as a bail-out strategy in some recent studies. [13] [14] [15] [16] Optimally, computer-aided simulations of cervical CTA data and fast angle measurements could be used in the future to predict the probability of successfully navigating a catheter into the ICA, and suggest the optimal coaxial catheter system, thereby helping to decide earlier if a direct ICA approach is useful. A transcervical access might be more risky; however, the presented data underline the importance of short ATs to achieve good recanalization results.
The presented data describe a cut-off value of approximately 25 minutes at which the success rate of mechanical thrombectomy clearly decreases. Furthermore, adjusting for cofounders like site of stroke and NIHSS suggests that correlation still exists. However, the correlation between ICA-AT and the success of thrombectomy need to be judged carefully since there is no information regarding onset time and total duration of the intervention in the given analysis.
In conclusion, there is a strong correlation between supraaortic vessel anatomy and ICA-AT in mechanical thrombectomy for AIS via a transfemoral approach. There was a trend toward lower successful recanalization as time to ICA access increased.
It is important to recognize and to accept extremely difficult cases at an early stage to save time and eventually switch to alternative approaches including direct carotid puncture.
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